ABSTRACT Background: Supplementation in lactating HIV-1-infected women with preformed vitamin A and b-carotene (VA/BC) increases the risk of mother-to-child transmission of HIV through breastfeeding. Identifying a biological mechanism to explain this unexpected finding would lend support to a causal effect. Objective: The aim of the study was to evaluate the effect of VA/BC or multivitamin (B complex, vitamin C, and vitamin E) supplementation of HIV-infected women on HIV shedding in breast milk during the first 2 y postpartum. Design: We quantified viral (cell-free) and proviral (cell-associated) HIV loads in breast-milk samples collected 15 d after delivery and every 3 mo thereafter from 594 Tanzanian HIV-1-infected women who participated in a randomized trial. Women received 1 of the following 4 daily oral regimens in a 2 · 2 factorial fashion during pregnancy and throughout the first 2 y postpartum: multivitamin, VA/BC, multivitamin including VA/BC, or placebo. Results: The proportion of breast-milk samples with detectable viral load was significantly higher in women who received VA/BC (51.3%) than in women who were not assigned to VA/BC (44.8%; P = 0.02). The effect was apparent 6 mo postpartum (relative risk: 1.34; 95% CI: 1.04, 1.73). No associations with proviral load were observed. The multivitamin had no effects. In observational analyses, b-carotene but not retinol breast-milk concentrations were significantly associated with an increased viral load in milk. Conclusions: VA/BC supplementation in lactating women increases the HIV load in breast milk. This finding contributes to explaining the adverse effect of VA/BC on mother-to-child transmission. b-Carotene appears to have an effect on breast-milk viral load, independent of preformed vitamin A. This trial was registered at clinicaltrials.gov as NCT00197756.
INTRODUCTION
Pediatric HIV infection remains a major cause of morbidity and mortality in resource-limited countries. An estimated 430,000 new child infections occurred in 2008 (1), most of which were in sub-Saharan Africa. Mother-to-child transmission (MTCT), which may occur during pregnancy or delivery or via breastfeeding, accounts for most of these infections. Because early MTCT is largely preventable through perinatal interventions with antiretroviral agents, breastfeeding transmission of HIV has become responsible for a large proportion of all vertically acquired infections in breastfeeding populations (2, 3) , and its prevention has remained a challenge (4) .
We previously reported that daily supplementation of antiretroviral-naive HIV-infected women with vitamin A and b-carotene (VA/BC) during pregnancy and lactation increased the risk of breastfeeding MTCT (5) . This effect seemed to be constant throughout the duration of breastfeeding. The mechanism to explain this unexpected effect is unknown; it could be related to a VA/BC-dependent increase in HIV excretion in breast milk, because breast-milk HIV concentrations are among the strongest risk factors for MTCT, and VA/BC supplementation was previously shown to increase viral shedding in other bodily fluids, such as cervicovaginal lavage (6) . Finding an explanatory mechanism would lend support to an adverse causal effect of VA/BC supplementation on breastfeeding MTCT and would provide evidence to better understand potential adverse effects of supplementation with these nutrients in other scenarios.
We examined the effects of supplementation with VA/BC or multivitamins (B complex, C, and E) to HIV-infected women on viral (cell-free) and proviral (cell-associated) HIV shedding in breast milk during the first 2 y postpartum, in the context of a randomized trial conducted in Tanzania. In addition, we examined the associations between retinol or b-carotene concentrations and HIV shedding in breast milk, in an effort to identify the relations of each nutrient with viral excretion.
SUBJECTS AND METHODS

Study design and population
Between 1995 and 1997, 1078 HIV-1-infected women were enrolled in a randomized clinical trial in Dar es Salaam, Tanzania to examine the effect of vitamin supplements on maternal and child health outcomes. Details of the trial were described previously (7) . In brief, women were enrolled at their first prenatal visit (gestation weeks [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and randomly assigned in a 2-by-2 factorial manner to receive a daily oral dose of 1 of 4 regimens: 1) vitamin A with b-carotene (VA/BC: 5000 IU preformed vitamin A plus 30 mg b-carotene), 2) multivitamins (20 mg thiamine, 20 mg riboflavin, 25 mg vitamin B-6, 100 mg niacin, 50 lg vitamin B-12, 500 mg vitamin C, 30 mg vitamin E, and 0.8 mg folic acid), 3) multivitamins plus VA/BC, or 4) placebo. All women received 5 mg folic acid and 120 mg ferrous iron daily as part of standard prenatal care. At delivery, women in the 2 groups assigned to VA/BC received an additional dose of 200,000 IU vitamin A, whereas the other 2 groups received placebo.
At baseline, information was collected on sociodemographic and anthropometric characteristics by trained study nurses. Physicians conducted a complete medical examination and obtained a blood sample that was used for analyses of hemoglobin, T cell subsets, micronutrient concentrations, and malaria smears. HIV disease stage was assessed according to the World Health Organization (WHO) criteria (8) . Women were followed during pregnancy and after delivery at scheduled monthly clinic visits. Information on the risks and benefits of infant feeding options among HIV-infected women was provided according to WHO and Tanzanian Ministry of Health guidelines at the time, and the decision of whether to breastfeed was made by the mothers. Breastfeeding was adopted virtually by all mothers (.99%). At 12 mo postpartum, 94% of mothers were still lactating. By 18 mo, the proportion was 74% and by 24 mo it was 22%. During the first 2 y postpartum, '10 mL breast milk was collected by manual expression from either breast, 'every 3 mo. There were no standardized requirements for the collection of samples in terms of time of the day, time since last breastfeeding, or other criteria. This was because offering formula to HIV-infected women was not viable, storage of expressed milk was impractical, or women did not always attend clinics at scheduled times. However, lack of standardization of breast-milk collection is not thought to distort measurements of HIV shedding (9) ; in addition, it is improbable that variability in HIV concentrations due to lack of sample standardization affects estimates of effect in the context of a randomized trial because it would likely be evenly distributed by treatment arm.
Compliance with the study regimen was assessed at the monthly visits as the proportion of tablets absent from bottles that were returned by each woman from the total number of tablets she should have taken. The median proportion was 83% by 2 y of follow-up. Antiretroviral treatment was not available in this setting at the time of the study. All women provided written informed consent for participation before enrollment. The protocol was approved by the Human Subjects Committee of the Harvard School of Public Health and the Research and Publications Committee of Muhimbili University of Health and Allied Sciences.
Laboratory methods
Hemoglobin was measured by using a CBC5 Coulter Counter (Coulter Corporation, Miami, FL). Plasma retinol and vitamin E concentrations were quantified with the use of HPLC. CD4 + T cell counts were determined with the use of FACSCount and FACSCan systems (Becton Dickinson, San Jose, CA).
Immediately after collection, breast-milk samples were placed on ice and transported to the Microbiology and Immunology Laboratory at Muhimbili National Hospital. On the same day, one aliquot of '5 mL whole breast milk was frozen at 270°C, and a second aliquot was centrifuged at 1500 · g for 12 min at 4°C. The cell-free aqueous milk fraction and the milk cell pellet were separately cryopreserved and shipped to the Harvard School of Public Health for testing. Viral RNA was isolated from the cellfree aqueous milk fraction by using the High Pure Viral RNA Kit (Roche Diagnostics, Indianapolis, IN). Quantification of viral load in the cell-free aqueous milk fraction was done by using the ultrasensitive protocol of the Amplicor HIV-1 Monitor Test (version 1.5; Roche Diagnostics). The lower limit of detection was 100 viral copies/mL. Cell pellets were washed with phosphate-buffered saline, and genomic DNA was extracted by using the QIAamp Blood Kit (Qiagen, Valencia, CA). The proportion of HIV-1 proviral copies per total cell numbers (cellassociated virus) was quantified by real-time polymerase chain reaction by using the FastStart DNA Master SYBR Green I mix and the LightCycler instrument (Roche Diagnostics), as previously described (10). The lower limit of detection was 5 proviral copies/10,000 cells.
Retinol and b-carotene concentrations were quantified in the whole-milk aliquot with the use of HPLC (Restek Corp, Bellefonte, PA), as previously described in detail (11) . The minimum detection limits were 3.12 and 1.65 nmol/L for retinol and b-carotene, respectively.
Data analysis
We randomly selected 720 women for inclusion in the breastmilk study. Of them, 594 had one or more samples that were suitable for viral load determinations, and this constituted the study sample. We examined the effect of vitamin supplements on HIV shedding in breast milk during the first 2 y postpartum following the intent-to-treat principle. For both viral and proviral loads, we considered detectable concentrations as a dichotomous endpoint. Outcomes were not considered as continuous variables because the distributions were left-censored due to the detection limits of the assays. We first assessed whether there were significant interactions between the VA/BC and multivitamin arms. Because these interactions were not present, we assessed the effect of VA/BC by comparing women in the 2 treatment groups who received VA/BC (VA/BC with placebo and VA/BC with multivitamins) with women in the 2 treatment groups who did not (multivitamins with placebo and placebo only). An analogous approach was followed to determine the effect of multivitamins. We first estimated treatment effects overall and according to the time postpartum when the samples were collected [0 mo (early postpartum, 15 d), 3 mo, 6 mo, 9 mo, 12 mo, and .12 mo [second-year postpartum)]. Relative risks (RRs) with 95% CIs for detectable viral load were calculated from generalized estimating equation models with the binomial distribution, the loglink function, and an exchangeable correlation matrix to account for within-person correlations of repeated measurements. Predictors were treatment assignment and time of sample collection. Interactions with time were assessed by testing cross-product terms between treatment and time with the use of the Wald test. Given that multivitamin supplements were previously shown to decrease the risk of MTCT among women with poor immunologic or nutritional status at baseline (5), we also assessed interactions between the multivitamin regimen and low maternal baseline CD4 cell counts, hemoglobin concentrations, and midupper arm circumference.
We conducted supplemental analyses to examine the crosssectional associations between the concentrations of retinol or b-carotene and viral shedding in the same breast-milk sample, irrespective of treatment assignment, as a means to differentiate the effects of the 2 VA/BC arm components. Nutrient concentrations were divided in quartiles according to the withinpostpartum period distributions, and prevalence ratios for detectable HIV load were estimated by using binomial generalized estimating equations with the lowest quartile as the reference category. These models included both retinol and b-carotene as predictors, considering that they shared a common source (the VA/BC treatment arm) in half of the subjects. Models were also adjusted for time postpartum of sample collection. Tests for linear trend were obtained by introducing into the models an ordinal variable representing the nutrient quartiles as a continuous predictor.
Analyses were carried out with the use of the Statistical Analysis Software version 9.1 (SAS Institute, Cary, NC).
RESULTS
There were 1319 breast-milk samples available from the 594 women included in the analyses of HIV shedding; the mean number of samples per woman was 2.2 6 1.3, and the proportions of women with 1, 2, 3, and 4 samples were 39.7%, 21.9%, 23.2%, and 15.2%, respectively. Lack of availability of breast-milk samples was mainly due to missed clinic visits, low breast-milk output at the time of collection, or weaning. Women with and without breast-milk samples did not differ regarding treatment assignment, age, educational level, HIV-disease stage, or other baseline characteristics (data not shown). The women's characteristics at enrollment were not different by treatment arm ( Table 1) .
Effect of vitamins on breast-milk viral load
The proportions of samples with detectable HIV-1 load at 0, 3, 6, 9, 12, and .12 mo postpartum were 65.5%, 43.6%, 44.0%, 40.6%, 44.7%, and 48.5%, respectively. Overall, compared with women who did not receive VA/BC, women assigned to VA/BC had a significantly higher proportion of samples with detectable viral load (51.3% compared with 44.8%; P = 0.02). No significant differences between women who received multivitamins and those who did not (47.7% compared with 48.8%; P = 0.69) were observed. We next examined the effect of supplements at each postpartum period. When more than one sample per woman was available at each time point, we chose the one closest to the scheduled date of collection. We noted that the effect of VA/BC was apparent at or after 6 mo postpartum compared with earlier periods; there was no apparent effect at 0 or 3 mo (Figure 1) . At or after 6 mo postpartum, VA/BC resulted in a 34% increase in the risk of HIV shedding in milk (95% CI: 4%, 73%), whereas no effect was observed during the first 6 mo (P for interaction with time = 0.10) ( Table 2) . These results did not vary when the analysis was restricted to women who provided a sample at month 0 plus at least one additional sample thereafter or among women who had a first sample available at 3 mo plus at least another thereafter. No time-related effects were observed for the multivitamins (data not shown).
Effect of vitamins on breast-milk proviral load
Because of logistic constraints, the proviral load was analyzed in a subsample of 680 breast-milk samples from 460 women (mean: 1.5 6 0.7 samples per woman). Women with proviral load determinations did not differ from women without determinations in terms of treatment assignment or according to most sociodemographic or disease-stage indicators; however, they tended to be older and were less likely to be primigravida. Baseline characteristics did not differ by treatment arm in this subsample. The proportions of samples with detectable proviral load at 0, 3, 6, 9, 12, and .12 mo postpartum were 63.7%, 59.2%, 39.2%, 63.3%, 88.2%, and 72.1%, respectively. No significant effects on the proviral load of VA/BC (RR: 0.93; 95% CI: 0.80, 1.07; P = 0.29) or multivitamins (RR: 1.01; 95% CI: 0.88, 1.17; P = 0.86) were observed. No significant interactions were observed between the multivitamin arms and indicators of the woman's immunologic and nutritional status at baseline, including CD4 cell counts, hemoglobin concentrations, or midupper arm circumference, on either viral or proviral load in breast milk (data not shown).
HIV shedding in relation to breast-milk retinol and b-carotene concentrations
Breast-milk retinol was not significantly associated with viral load after adjustment for b-carotene concentrations; however, breast-milk b-carotene concentrations were related to increased detectable viral load in milk ( Table 3 ). The estimates of association were comparable for quartiles 2, 3, and 4, possibly suggesting a "threshold" effect. The prevalence ratio for bcarotene concentrations at or above quartile 2 compared with quartile 1 was 1.21 (95% CI: 1.03, 1.41; P = 0.02). Breast-milk retinol or b-carotene concentrations were not significantly associated with proviral load. Prevalence ratios (95% CI) in quartiles 2, 3, and 4 compared with quartile 1 were 1.00 (0. 
DISCUSSION
In this randomized clinical trial, the administration of vitamin A and b-carotene supplements to HIV-1-infected women during pregnancy and lactation resulted in increased viral load in breast milk at or after 6 mo postpartum. Considering that excretion of HIV in breast milk is one of the strongest risk factors for MTCT (10, 12) , these results provide a mechanistic explanation to the previously reported adverse effect of VA/ BC on MTCT of HIV through breastfeeding in this population (5) .
The specific mechanisms through which vitamin A or b-carotene could increase HIV shedding in milk are not well understood. MacDonald et al (13) postulated that vitamin A enhances the differentiation of myeloid and lymphoid cells, which leads to increased expression of the chemokine (C-C motif) receptor 5 (CCR5)-one of the membrane co-receptors that HIV uses to enter its target cells. Retinoic acid indeed appears to facilitate the differentiation of monocytes to macrophages, and this differentiation is accompanied by up-regulation of CCR5 (14) . Nonetheless, it is unknown whether retinoic acid has the same effect in nonreplicating macrophages, which are the most abundant in breast milk (15) and the principal cellular carriers of productive HIV-1 infection in milk (16). We found no effects of VA/BC supplementation on proviral load, but only on viral load; thus, mechanisms other than macrophageal CCR5 upregulation could be at play. One of those mechanisms might include mastitis-an inflammatory process of the breast during which tight junctions in the mammary epithelium are disrupted, allowing both cell-free virus in extracellular fluid and HIV- infected cells to leak from plasma into milk, hence elevating the risk of MTCT (12, 17) . Randomized supplementation trials however, have not reported significant effects of vitamin A or b-carotene alone (18) or in combination with other micronutrients (19, 20) on mastitis. We have no information on the prevalence of clinical mastitis in this population, but 17% of women had evidence of subclinical mastitis in a small casecontrol study (17) , as documented by an elevated ratio of sodium to potassium in milk-an indicator of inflammation. The effect of vitamin supplements on mastitis in this study population remains to be ascertained. The lack of an effect of VA/BC on breast-milk viral shedding during early postpartum, a period when HIV load in milk was highest, might suggest that the effect of VA/BC on MTCT ,6 mo is not necessarily mediated through increases in viral shedding, but could be related to other mechanisms. For example, vitamin A might increase CCR5 expression of infant mucosal cells, thus enhancing their susceptibility to infection.
Determining whether b-carotene or retinol had independent effects on MTCT-related endpoints is an important research question because the finding that supplementation with both nutrients increased MTCT (5) may have introduced uncertainty about the safety of vitamin A supplementation programs. b-Carotene could be converted into vitamin A through central cleavage; but, when administered at high doses (.20 mg/d), it might have effects that are different from those expected of preformed vitamin A (21) . Because vitamin A and b-carotene were administered together in this trial, it is not possible to ascertain the individual effect of each nutrient following an intent-to-treat analytic approach. Nevertheless, in an effort to identify the separate effects of each nutrient, we evaluated the associations between viral or proviral HIV concentrations and retinol or b-carotene concentrations in breast milk using an observational, cross-sectional design in which we took advantage of the treatment's large effect on the variability of breastmilk nutrient concentrations (11) . A key aspect of these analyses was the simultaneous adjustment for retinol and b-carotene concentrations in the models to overcome confounding of the effect of one nutrient by the other's given that they shared the same major source (treatment assignment) in half of the population. Our results provide some indication that b-carotene might have increased the viral load in breast milk, independent of preformed vitamin A. Biological mechanisms underlying this association are speculatory, although previous clinical trials have shown adverse effects of b-carotene supplementation at 20 mg/d on the risk of other outcomes, including lung cancer (21, 22) , and cardiovascular disease in population subgroups (23) . Several pathways have been posited to explain these effects. Whereas b-carotene is a potent antioxidant, high-dose intake could result in prooxidant activity (24) , which might interfere with antioxidant defense systems (25) . In addition, breakdown products from excentric cleavage of b-carotene could disrupt mitochondrial function (26) . Results from previous b-carotene supplementation trials conducted among HIVinfected persons have not consistently indicated that it increases the risk of adverse events. High doses of b-carotene (180 mg/d) had no effects on CD4 + cell counts (27, 28) or plasma viral load (28) in 2 different studies. Also, in a trial of natural mixed carotenoids equivalent to 72 mg b-carotene/d, no significant effect on mortality was observed in HIV-infected adults (29) . The doses of b-carotene used in these trials were much higher than the amounts obtained from typical diets in populations in whom HIV infection is widely prevalent. Even in areas where interventions to improve vitamin A status through intake of carotenoid-rich food sources have been evaluated, daily intake of b-carotene in pregnant or lactating women would range from 1.1 to 2.4 mg/d (30, 31) .
Despite the suggestion that increases in breast-milk b-carotene concentrations during lactation might underlie the effect of VA/BC supplementation on breast-milk viral load, an adverse effect of preformed vitamin A on MTCT cannot be completely ruled out. A trial testing the efficacy of a single large dose of preformed vitamin A alone given to women during the early postpartum period (200,000 IU) and/or to neonates (50,000 IU) in Zimbabwe found an increased risk of infant HIV infection or death when vitamin A was provided to either, but not both, the mother or infant, compared with placebo (32) . This suggests that even if preformed vitamin A does not increase HIV shedding in breast milk, it might enhance the infant's susceptibility to HIV infection. Future studies evaluating the associations between breast-milk retinol and b-carotene concentrations and breastfeeding MTCT might provide additional insights into the separate effects of these nutrients.
In conclusion, vitamin A and b-carotene supplementation to HIV-infected lactating women increases viral load in breast milk at or after 6 mo postpartum. There is some indication that this association might be related to increases in the breast-milk concentrations of b-carotene. These findings contribute to explain the adverse effect of vitamin A and b-carotene supplementation on MTCT of HIV, reported previously, and support the notion that daily supplementation of HIV-infected lactating women with high doses of vitamin A and b-carotene cannot be safely recommended. 1 Prevalence ratios (PRs) and 95% CIs are from binomial generalized estimating equation models with detectable (yes or no) viral load as the outcome and predictors that included indicator variables for quartiles of retinol and b-carotene concentrations and month postpartum when the sample was collected; an exchangeable covariance matrix was specified to account for within-person correlations of repeated measurements.
2 Wald test of a variable representing the quartiles of retinol or b-carotene concentrations that was introduced into the model as a continuous predictor.
